We investigated the immunohistochemical localization of inositol 1,4,5-trisphosphate receptor (IP3R) Types 1,2, and 3 in rat airway epithelium using the monoclonal antibodies KM1112, KM1083, and KM1082 specific for each type of IP3R. The epithelium from trachea to distal intrapulmonary airways (bronchioles) showed positive immunoreactivity for all types of I P a . However, cell type as well as subcellular site immunoreactivity for each type of W3R varied. IP3R Type 1 was found only in the apical thin cytoplasmic area of ciliated cells throughout all airway levels. IP3R Type 2 was exclusively localized to the entire cytoplasm of ciliated cells from the trachea to bronchioles. IP3R Type 3 was expressed mainly in the supranuclear cytoplasm not only of ciliated cells at all airway levels but also in Clara cells of the bronchiolar epithelium. Double fluorescent staining using combinations of KM1083 and Wisteria floribunda lectin or anti-rat 1o-KD Clara cell-specific protein antibody confirmed that the IP3R Type 2-positive cells were neither seromucous cells nor Clara cells. These results indicate that the expression of three types of IP3Rs in different cell types and subcellular sites may reflect diverse physiological functions of IP3Rs within airway epithelial cells. The double staining studies suggested that the anti-IPg Type 2 monoclonal antibody KM1083 would be a specific cell marker for ciliated cells of the airway epithelium. ( J H i s t d e m Cyto -&em 44:1237-1242, 19%) 
Introduction
The mucociliary transport system in the respiratory tract is one of the body's major host-defense mechanisms. It consists of ciliary beating on the apical surface of the airway epithelium and mucus secreted by goblet cells and submucosal glands. The synchronous ciliary beating on the epithelial surface propels mucociliary fluid towards the proximal part of the respiratory tract. The viscosity of the mucociliary fluid, which is essential for smooth propelling of the fluid, is controlled with water content regulated by C1-ion secretion from the airway epithelium. Several physiological studies have recently shown that the intracellular Ca2+ ion ([Ca2+] i) level is in-' Correspondence to: Tomoyasu Sugiyama, Tokyo Research Laboratories. Kyowa Hakko Kogyo Co., Ltd., 3-6-6 Asahimachi, Tokyo 194, Japan. volved in the regulation of both ciliary beating (Salathe and Bookman, 1995; Korngreen and Priel, 1994) and CIion secretion (Clarke et al., 1994; Ymaya et al., 1993) . Intercellular propagation of Ca2+ waves across adjacent epithelial cells may play an important role in synchronizing ciliary beating over individual cells. Interestingly, it is reported that these intercellular Ca2+ waves are mediated by inositol 1,4,5-trisphosphate (IP3) (Boitano et al., 1992) . IP3 is known to mediate Ca2+ release from intracellular Ca2+ storage sites by binding to its specific receptor, called IP3R (Monkawa et al., 1995; Ymadaet al., 1995; Berridge, 1993; Maeda et al., 1991; Siidhof et al., 1991) . Despite this physiological importance of the IP3-IP3R-Ca2+ signal transduction system in the airway epithelium, no immunohistochemical studies concerning the cellular localization of IP3Rs within this tissue have thus far been performed.
In the present study we investigated the expression profile and cellular localization of IP3R Type 1, Type 2, and Type 3 in the airway epithelium, using three monoclonal antibodies (MAbs) specific for each type of IP3R.
Materials and Methods
Reagents. MAbs raised against IP3R Tvpe 1 (KM1112). IP,R Tvpe 2 (KM1083). and IP3R (KM1082) were used (Sugiyama et al.. 1994) . The rabbit anti-rat IO-KD Clara cell-specific protein antibody (CCSP MAb) was previously described (Wasano and Hirakawa. 1992) . Wisteria floribunda lectin (WFA). biotinylated anti-mouse IgG. ABC reagent, and rhodaminelabeled avidin were obtained from Vector Labs (Burlingame. CA). Dichlorotriazinvl amino (DTAF)-conjugated horse anti-mouse IgG was purchased from Chemicon International (Temecula. CA). Rhodamine-labeled goat anti-rabbit IgG was supplied by Dako (Glostrup, Denmark) . and the ECL svstem was from Amersham (Poole. UK). Analytical grade reagents were from Sigma (St Louis, MO), Wako (Tokyo. Japan), Peptide Institute (Osaka, Japan). Fisher Scientific (Fair Lawn, New Jersey), or Schleicher & Schuell (Dassel. Germany).
Animals and Tissue Preparation. Adult male Wistar rats (7-8 weeks) were purchased from Charles River Japan (Yokohama. Japan). To obtain respiratory tract tissues, rats were anesthetized with IP injection of an overdose of sodium pentobarbital. The trachea was then cannulated just below the larynx and 2% paraformaldehyde in IO mM PBS (pH 7.4) was infused. After IO min the trachea and lung were dissected out, fixed in the same fixative for 16 hr at 4'C. and embedded in paraffin. Four-pm-thick sections were cut and collected on glass slides coated with poly-L-lysine.
Membrane Preparation and Western Blotting. The trachea was homogenized in ice-cold 5 mM Tris-HCI (pH 7.4) containing 1 mM EDTA, 0.25 M sucrose. 0.1 mM phenylmethylsulfonyl fluoride (pAPMSF). 10 pM pepstatin A. 100 pM AEBSF. 10 pM E-64. and 10 pM leupeptin. and then centrifuged at 2000 x g for 10 min at 4'C. The supernatant was again centrifuged at ~00.000 x g for 30 min at 4'C. The resultant pellets were resuspended in a solution containing 50 mM Tris-HCI (pH 7.4). 1 mM EDTA, 0.1 mM pAPMSF. IO pM pepsratin A. and 10 pm leupeptin. The membrane fraction and the cells dissolved in the sample buffer (0.1% sodium dodecyl sulfate (SDS). 125 mM Tris-HCI (pH 6.8)] were subjected to 6% SDS-PAGE. followed by electroblotting onto nitrocellulose sheets. The sheets were blocked with skim milk and incubated with 40 nglml MAb KMII12. KM1083, or KM1082. The bound MAbs were detected with the ECL system. The experiments were undertaken using three rats.
Immunohistochemistry and Lectin Histochemistry. For detection of IPiR Tvpes 1, 2. and 3. sections were deparaffinized, rehydrated in PBS. and incubated with 2 % normal horse serum in PBS for 30 min at room temperature (RT). The sections were then incubated with MAb KMIII2. KM1083. or KM1082 diluted to 1 pglml in PBS containing 2 % normal horse serum in a humidified chamber for 16 hr at 4°C. As controls, the MAb solutions were preabsorbed with a IO-fold excess of the antigenic peptides. The slides were washed in PBS and incubated with 1 Clglml biotinylated anti-mouse IgG for 60 min at RT. The slides were washed in PBS and subsequently incubated with avidin-biotin-peroxidase complex (ABC) reagent for 30 min. Peroxidase activity was visualized by I-5-min incubation in diaminobenzidine (DAB)-H202 solution (0.5 mglml DAB, 0.01% H202 in 0.05 M Tris-buffered saline, pH 7.2). After washing the slides in PBS. the sections were mounted in Permount.
For the lectin and immunohistochemical double staining study. KM1083 and WFA were used. The sections of the trachea were stained with KM1083 as described a h and incubated with biotinylated WFA diluted to 10 pglml in PBS for 1 hr at RT. The sections were washed in PBS and stained with rhodamine-labeled avidin for 30 min at RT. After washing the slides in PBS. the sections were mounted in glycerol-PBS.
For the double immunofluorescence staining study. KM1083 and CCSP Abs were used. The sections of the lung were incubated with KM1083 as described above and washed in PBS. The sections were incubated with i pglml DTAF-conjugated horse anti-mouse IgG for 1 hrar RT. After washing the slides in PBS. the sections were incubated with CCSP Ab diluted to 1.6 pglml in PBS for I hr at RT. The slides were then washed in PBS and stained with rhodamine-labeled goat anti-rabbit IgG for 1 hr at RT. After washing the slides in PBS. the sections were mounted in glycerol-PBS.
All of the stained sections were examined under an Olympus VANOX light microscope (Tokyo. Japan) equipped with an epifluorescence apparatus. The results were based on seven rats.
Results

Western Blot Analysis of IPJR Subtypes in Trachea
Membrane proteins of the trachea were loaded in a single gel. After electroblotting the gel onto a nitrocellulose sheet, the sheets were cut and analyzed by Western blot using MAbs KM1112 to IP3R Type 1 (Lane I), KM1083 to IP3R Type 2 (Lane 2), and KM1082 to IP3R Type 3 (Lane 3) (Figure 1) . A protein band of an Mr -250 KD (under reducing conditions) representing each type of IP3R was detected with KM1112, KM1083. and KM1082. IP3R Type 1 showed a slightly higher Mr compared with IP3R Type 2 and Type 3 on SDS-PAGE. The difference in amino acid sequence among the three types of IP3R might influence the mobility of each type of IP3R in the gel. Two protein bands at -200 KD and 100 KD detected with KM1112 were believed to represent the degradation products of IP3R Type 1 (Monkawa et al., 1995) . No other obvious immunoreactive bands to KM1112, KM1083, and KM1082 were observable on the nitrocellulose sheets. Westem blot analysis of three types of IP3Rs from ra1 trachea. Lanes 1.2. and 3 are detected with MAb KM1112 to lP3R Type 1. KM1083 to Type 2. and KM1082 to Type 3, respectively. lPjR Type 1 shows a slightly higher molecular weight than the other two IP3Rs. Two bands below the IP3R Type l band are degradation products of lP3R Type 1. Arrow indicaIes the position of the IP3Rs. The sections incubated with KM1083 were counterstained with methyl green. 
Expression of IP3R Subtypes in Tracheal Epithelial CeLZs
The staining characteristics of tracheal epithelial cells with each MAb against IP3R Type 1, Type 2, and Type 3 were different. As shown in Figures 2a-2~ . the ciliated cells of the tracheal epithelium showed positive immunoreactivity for all three types of IP3R. However, the staining was different among the types of IP3R. The immunolabel-ing pattern for IP3R Type 2 differed from that of IP3R Type 1, in that the former showed very dense and diffuse cytoplasmic staining (Figure 2b) , whereas the latter showed immunolabeling confined to the thin cytoplasmic area just beneath the apical surface of the cells (Figure 2a ). The staining of ciliated cells for IP3R Type 3 was an intermediate pattern between the above two IP3R types. The IP3R Type 3 immunoreaction product was seen mainly in the supranuclear cytoplasm of the ciliated cells ( Figure 2C ). Nonciliated cells, including seromucous cells and basal cells, were negative for all types of IP3R (Figures 2a-2c ).
Expression of IP3R Subtypes in Bronchiolar Epitheld Cells
The localizations of IP3R Type 1, Type 2, and Type 3 in the ciliated cells of the bronchiolar epithelium were similar to those seen in the tracheal epithelium (Figures 2d-2f ). IP3R Type 1 was again localized in the apical thin cytoplasm (arrowheads) of the cells (Figure 2d) . As in the tracheal epithelium. the immunoreaction product for IP3R Type 2 was seen as very dense and diffuse cytoplasmic staining (Figure 2e ), whereas immunolabeling for IP3R Type 3 was less dense and was confined to the apical half of the cytoplasm (large double arrowheads) of the cells (Figure 2f ). Bronchiolar nonciliated cells (small double arrowheads) with a characteristic dome-like apical cytoplasm protruding into the airway lumen exhibited positive immunoreactivity for IP3R Type 3 (Figure 2f ), but not for IP3R Type 1 and Type 2 (Figures 2d and 2e) . Judging from the characteristic cell shape of the nonciliated cells, we presumed that these cells are the so-called Clara cells.
IP3R Type 2 as a Speciftc Morphological Marker for Ciliated Cells
To test the possibility that IP3R Type 2 might be a specific marker for the tracheobronchiolar ciliated cells, a double fluorescence staining procedure was performed using KM1083 and WFA or CCSP Ab. Figure 3a demonstrates the double staining pattern of tracheal tissue with KM1083 and WFA. The I P a Type 2-positive ciliated cells were readily distinguished from the WFA-positive seromucous cells. On the other hand, CCSP Ab stained the apical dome-like protrusions of the bronchiolar nonciliated cells, whereas KM1083 recognized only cuboidal cells lying between the CCSP Ab-positive Clara cells (Figure 3b ). Control experiments, in which each MAb, anti-CCSP Ab, and WFA were preabsorbed with the corresponding peptide, antigen, and sugar showed no specific staining (not shown).
Discussion
A previous physiological study suggested the presence of IP3R in tracheal ciliated cells in vitro (Boitano et al., 1992) . However, the precise localizations of the IP3R subtypes in the airway epithelium in vivo have not yet been investigated. In the present study, cellular localizations of IP3R Type 1, Type 2, and Type 3 in rat airway epithelial cells from trachea to bronchioles were demonstrated by immunohistochemistry. The specificity of MAbs KM1112, KM1083, and KM1082 (specific for IP3R Types 1, 2, and 3, respectively) was verified by the Western blotting technique in this and our previous reports (Sugiyama et al., 1994) .
Each IP3R subtype was found to have different localizations in the airway epithelial cells. Interestingly, IP3R Types 1 and 2 were present in the ciliated cells, whereas IP3R Type 3 was found not only in the ciliated cells but also in the Clara cells. Furthermore, each IP3R subtype exhibited different intracellular localizations within the ciliated cells. IP3R Type 1 was localized in the narrow apical cytoplasmic region just beneath the ciliary layer of the cells. In contrast, IP3R Types 2 and 3 were localized in the entire cytoplasm and in the supranuclear cytoplasm of the cells, respectively. These findings indicate that the expression and the subcellular localization of IP3R subtypes are diEerentially regulated within the airway epithelial cells. This finding is well in agreement with our previous study of inflammatory cells, showing that the subcellular localization of the IP3R subtypes is distinctively regulated for each type of IP3R (Sugiyama et al., 1934) .
How does the specialized localization of IP3Rs within airway ciliated cells correlate with the Ca2+ signaling within this cell type? The localization of IP3R Type 1 within the apical thin cytoplasmic area (just beneath the ciliary layer) of ciliated cells suggests that this type of IP3R may play a role in the regulation of ciliary beating. Several physiological studies supporting this notion have been presented. Mechanical distortion of the apical membrane of a single ciliated cell in primary culture induces an increase in the ciliary beating frequency (Sanderson and D i r k , 1986) . This increased ciliary beating frequency propagates to adjacent ciliated cells and subsequently to more distal cells. This phenomenon is accompanied by a propagating increase in intracellular [Ca2+]i, called the CaZ+ wave (Sanderson et al., 1990) . It has also been shown that in airway epithelial cells the intercellular Ca" wave is mediated by the movement of IP3 through gap junctions (Hansen et al., 1993) and that the increasing [Ca2+]i is mediated by IP3R (Boitano et al.,  1992) , but not by the ryanodine receptor (Hansen et al.. 1995) .
As to the question of how mechanical stimulation is translated to chemical signaling, an immunocytochemical study (Sormunen et al., 1994) has pointed to the possibility that cyt&letal proteins are involved in this process. This study showed dense accumulation of fodrin and actin proteins close to the apical membrane of the ciliated cells. These fodrins and actins are known to regulate the protein tyrosine kinase in leukocytes (Iida et al., 1994) and the Na'/H+ exchanger in fibroblasts ( Goss et al., 1994) , respectively. Furthermore, it has been reported that an IP3R-like protein is directly linked to actin filaments in epidermal keratinocytes and aortic endothelial cells (Fujimoto et al., 1995) . O n the basis of these findings, it is believed that the cytochemical signaling might be provoked by IP3Rs that are directly activated with a conformational change in the cytoskeletal proteins. Therefore, to verdy whether IP3R is involved in the regulation of ciliary beating, further immunohistochemical examination concerning the spatial correlation of IP3Rs and cytoskeletalproteins in ciliated cells in vivo is needed.
Another possible function of IP3Rs within the airway epithelial cells is the regulation of fluidity of mucociliary substance. The C1-ions, which are secreted into the airway lumen across the apical membrane of the epithelial cells both by the cystic fibrosis transmembrane conductance regulator (CFTR) (Riordan et al., 1989) and by the Ca2+-regulated C1channel (Anderson and Welsh. 1991) , are known to be an important component controlling the degree of fluidity of the luminal mucociliary fluid. An experiment using the rodent airway epithelium as a model has suggested that the high level of functional expression of the Ca2+-regulated C1secretory pathway could compensate for the CFTR abnormality (Leung et al., 1995; Clarke et al., 1994) . Patch-clamp analysis of submucosal gland acinar cells indicated that the C1-current is regulated by IP3R (Sasaki et al., 1994) . In the present study we observed that IP3R.5, especially IP3R Types 1 and 3, were preferentially localized in the apical cytoplasm of the ciliated and Clara cells. These findings suggest that the Clchannel might also be activated by Ca2' mobilization via activation of the IP3Rs. Because activation of the Ca2'-regulated C1channel in patients with cystic fibrosis has been proposed for therapeutic purposes (Knowles et al., 1991) . extensive studies of the mechanism for Ca2+ mobilization by IP3R in the airway epithelium are inevitable.
Because our KM1083 antibody against IP3R Type 2 exhibited very dense cytoplasmic staining in the entire cytoplasm of the ciliated cells, we performed a double fluorescence study using three histochemical probes, KM1083, CCSP Ab, and WFA, to examine whether the MAb would be a specific cell marker for airway ciliated cells. The latter two probes have been shown to be specific cell markers for Clara cells (Wasano and Hirakawa, 1992) and tracheobronchial seromucous cells (Shimizu et al., 1991) . respectively. The results clearly indicated that KM1083-positive cells were neither seromucous cells nor Clara cells. Therefore, this monoclonal antibody would be an excellent tool to clarify the cellular behavior, in normal as well as various pathological conditions of the airway epithelium, from the trachea to the bronchioles.
